Solvents play an important and critical role in natural product chemistry. They are mainly used during the extraction and purification of metabolites from a biological matrix. To a lesser extent, solvents are also used as reagents or catalysts to perform chemical reactions. This review focuses on the most important classes of solvents, including alcohols, halogen-containing solvents, esters, ethers, acids and bases. The chemical reactions associated with the use of these solvents to form the so-called "artifacts" are discussed and the most common contaminants found in these solvents are also reviewed. The formation of artifacts and the use of contaminated solvents mainly leads to the formation of new compounds, loss of activity of active compounds, formation of active compounds from inactive ones (false positives), loss in total yield of important compounds during isolation, formation of toxic compounds and difficulty in reproducing an extraction or purification method. Finally, the need for stability studies of purified natural products is emphasized, as this is a common overlooked aspect in natural product chemistry.
Organic solvents play a critical role in natural product chemistry. Their main use is for the extraction and isolation of metabolites from a biological matrix. Due to the large diversity of metabolites, a large variety of solvents exists which are being used to extract selectively the natural products from a matrix, such as plant material, biological fluids, and cell cultures. Solvents are mainly selected on criteria such as availability, cost, environmental fate, toxicity, polarity, boiling point, and inertness. The interaction of a solute with the solvent is based on two important parameters. The first parameter is solubility, which describes the physical interaction that takes place between the solvent and the natural products to be extracted or purified. This process might be better called solvation instead of dissolving [1] . Polarity plays a critical role as polar solvents will extract polar natural products according to the "like-dissolves-like" principle. Sophisticated theoretical models have been developed for the interpretation of solvent effects. Some of these are qualitative and based on the solvation model developed by Hughes and Ingold in 1935 [2] . Some others recommend a quantitative expression of the solvent capability of interaction with solutes. A long list of solvent polarity parameters has been developed through the years. These parameters are either empirical or semi-empirical, based on some selected experimental measurements, for example solvatochromic shift in UV/visible spectra, solvent-induced shifts in IR frequencies, chemical equilibria, kinetic measurements, and partition coefficients. In chromatography, the solvent parameters must also be considered [3] . However, sometime analytical techniques are unexpectedly subject to strong deviation due to the presence of minimum traces of an impurity. This can easily mislead the correct chemical or chromatographic characterization of the natural product. An example is given by the NMR shift caused by acidic impurities of isolated apparicine and 16-epi-isositsirikine reported by Schripsema and colleagues [4] . The nitrogen protonation effect of the acid was studied in some detail by the authors using trifluoroacetic acid, a common NMR shift reagent. [5] .
The second aspect to consider is the stability of natural products in solvents. When a natural product is dissolved (or solvated) in an organic solvent a chemical reaction might take place. After solvent removal (usually by evaporation) the natural product may remain unchanged or it may be chemically altered, e.g. broken down into various components or newly formed derivatives. This happens because, in solution, a natural product may react with the solvent itself, or be activated by the solvent to react with other components in the solution. Furthermore, in the solution, oxidation and light may also cause chemical reactions resulting in breakdown products, which can be oxidative products or polymers that may also include reactions with the solvent itself.
Artifact formation is a major concern in natural product chemistry. It is important not to look at an artifact as a natural product. Except for this relatively unimportant aspect of artifact formation, the loss of active substances or formation of toxic compounds due to artifact formation receives more attention. When an analyte changes it might lose its activity and, therefore, will not be identified as active during screening procedures. In addition, artifact formation might also influence the yield of natural products that needs to be purified. When an active natural product is purified with chromatographic techniques, artifact formation might considerably decrease the total yield leading to economic losses. Another problem occurs when inactive substances become toxic due to artifact formation. In short, artifact formation leads to the following problems:
1. Formation of new compounds, which cannot be seen as natural products. 2. Loss of activity of active components.
Formation of active compounds from inactive
natural products (false positives). 4. Loss in total yield of important chemicals during isolation. 5. Generation of toxic components from inactive substances. 6. Difficulty in reproducibility of the method.
This review will focus mainly on the most common solvents used in extraction and purification of natural products and the possible reactions that can lead to artifact formation. In addition, we will look at the common impurities in the solvents and the problems associated with these impurities.
Reactions associated with common solvents
1. Alcohols: Alcohols can react with carboxylic groups to form esters, and with hemiacetals to form acetals. As a result of the interaction of alcoholic solvents (e.g. methanol and ethanol) with hydroxy groups, methoxy and ethoxy functions can be detected in isolated natural products. While ethoxy groups are very rare in nature, the same is not true for methoxyl derivatives. It is in fact not easy to determine if they are natural or byproducts of contamination. Artifacts due to interaction with methanol or ethanol employed as solvents can occur in diverse classes of secondary metabolites. Methyl esters of fatty acids are easily formed as artifacts during extraction and storage of samples, as it has been reported in the case of tissue lipids [6, 7] . In an attempt to identify the correct chemotaxonomic markers of Cortinarius infractus, Brondz and coworkers carried out a reinvestigation of the mushroom by using HPLC-MS [8] . The results showed that the previously reported indole alkaloids, infractine and 6-hydroxyinfractine, are artifacts originating from the precursor β-carboline-1propionic acid during extraction with methanol.
During their investigation on the iridoid constituents of Lonicera japonica, Tomassini and coworkers assessed the presence of some artifactual compounds in the ethanol extract of the plant [9] . According to the authors the presence of 7-O-butylsecologanic acid, together with secologanin dimethylacetal and secologanin dibutylacetal must be considered as the result of the interaction of the aldehydic function of secologanin with the alcoholic solvents used during the isolation process ( Figure 1 ). Also, the esterification of free hydroxylic functions in alkaloids can take place during purification processes with alcohols, as in the case reported for pseudostrychnine [10] and akagerine [11] (Figure 2A and B).
Ester functionalities in natural product structures can undergo reactions of transesterification in the presence of alcohols. Perry and co-workers reported on the artifact formation during the analysis of the New Zealand liverwort Lepidolaena clawigera [12] . One ethoxy acetal artifact was formed by reaction of the main isolated sesquiterpene, clavigerin, with ethanol used for the extraction. Another two artifacts, methoxy clavigerin B and C, resulted from the alcoholysis of the acetoxy acetal moiety of clavigerin during reverse phase flash chromatography with Acids or bases can accelerate reactions of transesterification on alcohols, epoxides, and carboxylic acid derivatives. During the investigation of a Chinese shrub, Clausena dunniana, He and coworkers isolated a clerodane-like compound in which a formyl group was present [13] . The compound was likely to result from a transesterification occurring on one natural diterpene in the presence of formic acid used in the work-up process.
The family of natural products chlorogenic acids is subject to positional inter-conversion (interesterification and transesterification) during work-up [14] . Clifford and co-authors suggested the transesterification under strong basic condition to be a fast and valid method for the characterization of phenylpropanoids from natural extracts [15] . The treatment of methanolic mixtures of phenylpropanoids with tetramethylammonium hydroxide (TMAH) and the consequent formation of the corresponding methyl cinnamate or methyl ferulate, allows the establishment of the series to which the phenylpropanoids belongs (i.e. caffeoyl, feruloyl, p-coumaroyl or dicaffeoyl) on analytical HPLC. Furthermore, ethanol is present in chloroform (~0.75%) as a stabilizer and in diethyl ether as well [16] . Traces of ethanol can thus be found, even when it is not directly used in the purification process. During the chloroform extraction of maple syrup, some ethyl esters of fatty acids were isolated, together with several ethanolysis products detected by GC-MS [17] . The chloroform grade that was used contained 1% ethanol as stabilizer.
Halogen-containing solvents:
Halogen-containing solvents are very unstable, both because of direct interaction with molecules in solution, and because of the presence of contaminants as well. It has been reported that chloroform can directly react with alkaloids, as in the case of protoberberine [18] . Berberine and palmatine extracted in chloroform can give berberine-chloroform and palmatine-chloroform derivatives ( Figure 3 ). The behavior of the so-formed chloroformderivatives of berberine and palmatine on silica gel columns eluted with CHCl 3 -MeOH (99:1 v/v) was the object of a study by Shamma and Rahimizadeh [19] . From berberine-chloroform the authors isolated the corresponding oxidated product, oxyberberine, the product of O-demethylation, berberrubine, and a product of rearrangement, polyberbine. It was the opinion of the authors that the first two isolated products could occur in vivo at least as readily as in vitro, whereas it is not clear yet whether polyberbine might be a true alkaloid (Figure 4 ). From the chromatographic study of palmatine-chloroform the same authors isolated saulatine, puntarenine, and magallanesine, all considered to be artifacts formed from CHCl 3 , even though not containing chlorine ( Figure 5 ). Furthermore, chloroform can accelerate the decomposition processes of compounds, especially when the solutions are not kept in the dark. For instance, indole alkaloids like reserpine undergo a rapid photooxidation process in chloroform solution. The product of the reaction was found to be 3,4,5,6tetradehydroreserpine, with 3,4-dehydroreserpine detected as an intermediate of the process [20] . This reaction may also occur on TLC plates when developed under UV light.
Besselièvre
and co-workers reported the formation of chloromethyltubotaiwine chloride as an artifact during the extraction of tubotaiwine from Craspidospermum verticillatum using dichloromethane, attributing alkylating properties to the solvent [21] .
Also, the quaternization of the alkaloid atropine dissolved in dichloromethane has been reported by Vincze and Gefen [22] . The authors also documented the formation of N-demethylation and Hofmann elimination products of atropine chloromethylchloride. When strychnine and brucine are refluxed in CH 2 Cl 2 for 24 h, quaternary salts (chloromethochlorides) are formed [23] . 
Esters and ethers:
Ethyl acetate can condense with amines giving contamination products, especially during alkaloid analysis. Diethyl ether is often contaminated with ethanol (2%) used as a preservative [16] . Ethers can form peroxides in the presence of oxygen and light. Peroxides are the cause of oxidation of double bonds (important for example, in carotenoids) or of the formation of N-oxides. In alkaloids the resulting N-oxides can undergo carbinolamines formation and thus cause ring opening. One example of this phenomenon is given by Verpoorte and colleagues during the isolation of indole alkaloids [24] (Figure 6 ).
Acid and basic work-up:
Ammonia is often used as an aqueous-base during work-up processes in the isolation of natural products, especially alkaloids. Ammonia and ammonium hydroxide react with carbonyl groups to form condensation products. In an investigation on ammonium hydroxide reacting with acetone, Housholder and Camp reported the formation of compounds that are positive to the most common alkaloid test reagents, such as Dragendorff's, Mayer's and Valser's [25] . Ammonia has also been reported to react with terpenoid substrates giving artificial alkaloids in plant extracts. Wenkert and co-workers (1965) undertook an investigation of the structure of rosmaricine, claimed to be an abietane type alkaloid isolated from Rosmarinus officinalis [26] . The presence of a primary amino group in the molecule, a rare functionality among alkaloids, was shown to be in fact a result of the exposure of the leaf extract to ammonia. In particular, the exposure of carnosic acid, an abietane-like diterpene, to aqueous ammonia for several days led to the isolation of rosmaricine, thus indicating carnosic acid as a direct precursor of the artifact rosmaricine. Analogously, the monoterpene alkaloid gentianine resulted from the treatment of Gentiana extract with ammonia [27] . In particular the secoiridoid glycosides, gentiopicroside and swertiamarin, convert into monoterpene alkaloids under the action of NH 3 Methanolysis under acid or basic conditions is often used for the characterization of natural compounds i.e. in glycoside-like structures for the determination of the connections. During the investigation of the n-BuOH soluble fraction of the methanolic extract of Premna corymbosa, Yuasa and co-workers isolated an artifact resulting from the caffeoyl migration on the structure of an acteosyde glycoside [28] . Although the authors do not report the exact method followed in the purification procedure, they refer to a similar phenomenon found by Nonaka and co-authors in which the caffeoyl acid moiety on a phenyl ethanoid structure migrated from position C-4 to C-6 of the glucose [29] .
The saponification-methylation procedure prior to gas liquid chromatography analysis of Hoya australis leaves led to the formation of some cinnamic acid derivatives [30] . The 3-alkoxy-3-phenylpropionate artifacts resulting from treatment with NaOH in either methanol, ethanol, or propanol, are only formed during saponification of esterified cinnamic acid.
Solvent impurities
Common solvent contaminants are acetaldehyde, formaldehyde [31] and phthalate esters [32] . Ethanol, chloroform, dichloromethane, ethyl acetate and diethyl ether are often contaminated with these compounds. Methanol is often contaminated with several phtalate esters (dibutyl phthalate 0.1-1 ng/mL, dimethyl phthalate <0.1 ng/mL, diethyl phthalate 0.1 ng/mL, and dioctyl phthalate 0.2-0.6 ng/mL) [33] .
Phthalate esters are common contaminants in laboratory chemicals and solvents and are normally used as plasticizers in the manufacture of many polymers [34] . In 1973, Graham listed 21 reports in which phthalic acid and dialkyl phthalates were assessed as naturally occurring [35] . The author in most of the cases referred to contamination products, leaving the possibility open for one of the earliest reports on the occurrence of phthalic acid in poppies. The screening was in fact dated 1945 [36] , so before the widespread use of polyvinyl chloride [16] .
Acetaldehyde is a contaminant of ethanol, chloroform (where it is present as oxidation product of ethanol added as preservative), and ethyl acetate (formed by hydrolysis and oxidation) [31] . Acetaldehyde and formaldehyde can react with amine groups and their traces are reported to condense with β-phenylethylamines to produce tetrahydroisoquinolines, with diamines to yield perhydro 1,3-diazines [37] , and with tryptamines to form tetrahydro-β-carbolines [38] . Ruthenberg and Rotard reported that when unstabilized diethyl ether is used for the extraction of aqueous samples, several contaminants such as acetaldehyde, acetic acid, ethanol, ethyl acetate, ethyl formate and methyl acetate might be formed in solution [39] . Contamination with aldehydic impurities (acetaldehyde, propionaldehyde and/or formaldehyde) in regular and analytical grades of diethyl ether caused significant losses during the extraction of small quantities of ephedrine from aqueous media [40] .
Besides these common contaminants, chloroform can also contain traces of tetrachloroethane [17] and ethyl chloroformate. Siek and co-workers reported artifact formation due to the presence of ethyl chloroformate during the isolation of normeperidine from biological specimens [41] . The conversion of normeperidine to the ethyl carbamate derivative was greater than 90% in some extraction procedures. Ethyl chloroformate is actually the product of the reaction of phosgene with ethanol, both present in chloroform [42] . As chloroform is very unstable, it tends to degrade into hydrochloric acid and phosgene, both extremely toxic free radicals. For this reason chloroform is stabilized with ethanol (0.5-1.0% w/w) and/or amylene (2-methyl-2-butene 0.002-0.02% w/w). Ethanol is added to inhibit the formation of phosgene by interfering in the free radical chain reaction, whilst amylene acts as a hydrochloric acid scavenger. Recently, the consequences of the extraction of anthracyclines using chloroform stabilized with ethanol or amylene have been discussed by Maudens and colleagues and compared with the extraction using chloroform without stabilizers [43] .
Phosgene and ethyl chloroformate can give artifacts in the presence of amine groups. In fact, phosgene reacts with primary and secondary amines to form carbamoyl chlorides, whilst ethyl chloroformate reacts with the amines to form ethyl carbamates. Scheme I is illustrative for the possible reaction products that can be present as a consequence of this kind of contamination.
Cone and co-workers demonstrated that these reactions occur also with tertiary amines (codeine), even if to a lesser extent and at slower speed than for the corresponding secondary amines (norcodeine). [42] . In their study on the effect of several preservatives on different grades of chloroform, the authors demonstrated that the usage of this solvent in the isolation of norcodeine causes the formation of large amounts of artifacts (> 0.5 mg of artifact per 15 mL of chloroform).
A unique cyanogen chloride contaminant was found in dichloromethane by Franklin and colleagues [44] . The authors reported the analysis of different batches of dichloromethane from various suppliers, all containing cyanogen chloride levels varying from 0.2 µg/mL to 11 µg/mL as minimum detectable concentration.
Another source of artifacts of halogen-containing solutions is the presence of an impurity such as bromochloromethane (CH 2 ClBr). By interaction with this compound, ephedrine forms 3,4-dimethyl-5phenyloxazolidine, together with hydrochloride and hydrobromide salts [23] .
Generally, when amines and alkaloids react with solvent impurities of chloroform, the formation of quaternary salts can be readily detected in crystal precipitation [45] . In this way crystals of chloromethobromides are detected after reaction of strychnine and brucine with CH 2 ClBr in chloroform [46] (Figure 7 ).
There is evidence suggesting the same kind of reaction has taken place during the isolation of a tubotaiwine artifact by Besselièvre et al. (see above), attributing its formation to a reaction between impurities in dichloromethane and the alkaloid, rather than between the solvent and the molecule [47] . Phillipson and Bisset reported that the formation of chloromethobromide is more rapid in dichloromethane than in chloroform [23] . On their investigation of strychnine and brucine extraction from plant sources, the authors demonstrated that the phenomenon of quaternization of the two alkaloids is not the only one occurring in halogen-containing solvents. Also, oxidation products such as N-oxides and 16-hydroxy derivatives are formed.
The formation of quaternary salts of atropine and other tertiary amines in dichloromethane by interaction of the solvent impurity CH 2 ClBr has been reported by Vincze and Gefen [22] .
The importance of stability studies
Thousands of natural products are isolated and identified each year. These compounds usually undergo pharmaceutical tests in order to establish their activity, toxicity and general ADME properties. Each test employed, makes use of different solvents, which in turn makes the process of testing for stability quite difficult. Most natural components are apolar, which means that organic solvents are used in order to dissolve the component and add it to the aqueous based bioassay. Due to artifact formation these components might turn up as non-active or as extremely toxic. Therefore, stability tests should be performed on each component before bioassay tests are conducted. It has been shown that certain napthoquinones are very unstable in dimethylsulfoxide (DMSO). Although the artifact was not identified, the naphthoquinones did lose their activity or showed a large variance in activity [48] .
Organic solvents remain an important part of natural product chemistry. Their main uses, for example for extraction, purification, and, to a lesser extent, as reagents, will be with us for the foreseeable future. In this paper we tried to highlight, through some examples reported in the literature, the dangers associated with the formation of artifacts of natural products. In addition, the importance of stability testing was also highlighted as this has the potential of reducing the number of "hits" in natural products screening procedures or be a source for poor reproducibility. Therefore, the risks should be lowered by using correctly the solvents and testing the stability of extracts or pure components before performing bioassays. Alternatively, natural product chemistry could be performed in solvents other than organic solvents. A commonly used method is to make use of super critical solvents, especially CO 2 [49] . The major advantage of making use of these solvents is due to their chemical properties, namely: non-toxic, environmental friendly, inexpensive, easy recovery of solvent and their ability to dissolve a wide variety of natural products. Another type of solvent that has a bright future is ionic liquid [50] . Such solvents can be tailor made for certain classes of compounds and have the potential to dissolve a large number of natural products, therefore being ideal in the emerging field of systems biology.
This brief review did not aim at giving an exhaustive overview of all possible artifacts reported in the past years. Rather it is meant as a note to make people aware of the fact that natural product chemistry is not that straightforward.
